A new process of internal activation of glass fiber reinforced thermoplastic polymer (GFRTP) of Polypropylene (PP) was achieved by homogeneous low energy electron beam irradiation (HLEBI) to the interlayered glass fiber chopped strand mats (GF-CSM) prior to assembly. Panels were fabricated by hot-press consisting of 5 HELBI-treated GF-CSMs between 6 untreated PP sheets. HLEBI improved the Charpy impact value (a uc ) of the internally activated GFRTP. HLEBI from 0.22 to 0.86 MGy mostly improved the a uc at each accumulative probability of fracture (P f ). Based on the 3-parameter Weibull equation, the a uc value was defined as the statistically lowest impact value, a s estimated as the a uc at P f = zero. The highest a s values at more than 87 kJ/m 2 were found for GFRTP irradiated at 0.65 MGy which appears to be at or near the optimum HLEBI dose. Strengthening the adhesion force at the extremely broad surface area of the fibers increased interfacial friction force to prevent fiber pull out, fiber/matrix debonding and crack generation in the hard to adhere PP matrix GFRTP, resulting in increasing a uc of GFRTP with glass fiber surface-activated by HLEBI.
Introduction
Glass fiber reinforced polymer (GFRP) with chopped strand mats (CSMs) of reinforcement used in fiberglass (GF-CSM) are widely used for aerospace, automobiles, boats and living structures. In CSMs fibers are laid randomly with inplane isotropic properties. For internal penetration of energy waves, radio signals can pass through GFRP plates with high strength used for airplanes from inside to outside. Further strengthening has always been required to develop highspeed transports with small energy consumption with concern for the environment. Therefore, we propose a new process of applying electron beam irradiation to the GF-CSM prior to assembly for enhancement penetrating throughout the thickness.
Low voltage 100-keV class electron beam irradiation (HLEBI) has been one of the useful tools to improve materials. 18 ) HLEBI often induces not only hardening and high wear resistance, but also the mist resistance and sterilization for practical use of polymer. 13) The small dose of HLEBI often enhances the deformation resistivity (elasticity) of silicate glasses. 4) In addition, it is also possible to enhance the glass fiber (GF)-polymer interfacial strength induced by surface activation of GF 5) increasing the wetting of the fibers with the polymer. HLEBI has improved not only the bending fracture strain of GF, but also the strength on Charpy impact test of CFRP. 6, 7) Our recent research has shown HLEBI also enhances the impact value of Charpy impact test of thermohardened epoxy matrix-GFRP. 8) Glass fiber reinforced thermoplastic polymers (GFRTPs), already applied for automobile bumper and IC (integrated circuit) substrate, can be easily produced with high productivity for mass production by various forming process. However, it is serious problem of the low strength of GFRTP because of high viscosity of thermoplastic polymer with low wetting to GF. Polypropylene (PP), which is constructed of hydrogen and carbon is one of typical thermoplastic polymers. Since its production cycle is short enough to advance the cost reduction, it can be generally applied to automobiles.
Improving fracture toughness of fiber reinforced polymers (FRPs) has been achieved by applying HLEBI to sample surfaces.
58) However, up to now improving mechanical properties of short fiber GFRPs internally throughout the bulk by applying the electron beam irradiation on the reinforcing fiber surfaces of the CSMs prior to contact with the polymer has not been reported.
Therefore, the goal is to demonstrate the new process of applying HLEBI to CSM-GFs prior to assembly to improve the Charpy impact value of the PP matrix GFRTP. Since the GFs used in the mat have a nominal diameter of 10 µm, the interfacial area of GF is large. Therefore the enhancement of friction force will induce the strength throughout the thickness, from the surface through the internal bulk of the samples.
Experimental Procedure

GFRTP sample preparation
GFRTP composite samples with volume of 2000 mm 3 have been constructed with glass fiber (GF) chopped strand mat (CSM) (MC 300 A-104CM Nittobo) with and without HLEBI interlayered with untreated thermoplastic polymer (Polypropylene, PP; BC06C D23510 Novatec) matrix. Individual PP sheets were ³0.5 mm thickness. In the CSM, the GF length, l fiber = ³60 mm with nominal fiber diameter, d = 10 µm. Regarded as short fibers (compared with unidirectional which typically span the entire panel) fibers were at random angles in the mat. Sample preparation was the following.
Step 1: The GF mats were irradiated with HLEBI on both sides. Step 3: Panels were heated by hot press performed under 2.0 MPa at 473 K for 9 min.
Step 4: Individual samples were cut.
A control set was made with no HLEBI to the GF-CSM. In all cases the PP was untreated. Volume fractions, V f of GF and PP matrix were 38.9 and 69.1 vol%, respectively.
Charpy impact test
In order to evaluate the impact fracture toughness, the Charpy impact values (a uc ) of the GFRTP were measured using a standard impact fracture energy measurement system (Shimadzu Corporation No. 51735) (JIS K 7077).
9) GFRTP sample dimensions length, width and thickness were 80 mm © 10 mm © 2.5 mm. The impact value is expressed by the following equation. Here, E, b (= 10 « 0.2 mm) and t (= 2.50 « 0.15 mm) are impact fracture energy (J), sample width (mm) and span distance (sample thickness, mm), respectively. The distance between supporting points was 40 mm.
Condition of HLEBI
As shown in Fig. 1 , the glass fiber CSM was homogeneously irradiated by an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co., Ltd., Tokyo).
1015) The GF was homogeneously irradiated by the linear electron beam gun with low energy through a titanium thin film window attached to a 240 mm diameter vacuum chamber. A tungsten filament in a vacuum is used to generate the electron beam at a low energy (acceleration potential, V: kV), of 170 kV and irradiating current density (I, A/m 2 ) of 0.089 A/m 2 . Although the electron beam is generated in a vacuum, the irradiated sample is kept under protective nitrogen at atmospheric pressure. The distance between sample and window is 25 mm. To prevent oxidation, the samples are kept in the protective atmosphere of nitrogen gas with a residual concentration of oxygen below 300 ppm. The flow rate of nitrogen gas is 1. Using the principal form of eq. (4), specimen surface electrical potential (V ) is mainly dropped by the Ti window ("V Ti ) as well as N 2 gas atmosphere (ÁV N 2 ).
The specimen surface electrical potential, V (129.6 keV) is estimated from the acceleration potential (170 keV), the 10 µm thickness (T Ti ) of the titanium window (density: 4540 kg m ¹3 ), and the 35 mm distance between the sample and the window (T N 2 ) in the N 2 gas atmosphere (density: µ N 2 ¼ 1:13 kg m ¹3 ): Since the dropped potential values were 22.2 and 18.2 keV, the specimen surface electrical potential, V is 129.6 keV as follows:
V ¼ 170 keV À 22:2 keV À 18:2 keV ¼ 129:6 keV ð8Þ
Since typical density of GF is 2540 kg m ¹3 , the HLEBI penetration depth into the GF estimated from eq. (4) is D th = 90 µm. Most of the fibers were probably activated throughout the thickness since fiber diameter is d = 10 µm in the mats. HLEBI total dose levels applied ranged from 0.22 to 0.86 MGy. These doses were applied to both sides of the glass fiber chopped strand mats.
Evaluation of dangling bonds
To obtain more precise information on atomic-scale structural changes in the GF, the density of the dangling bonds was obtained using an electron spin resonance spectrometer (ESR, JES-FA2000, Nippon Denshi Ltd. Tokyo).
17) The microwave frequency range used in the ESR analysis was the X-band at 9.45 « 0.05 GHz with a field modulation of 100 kHz. The microwave power was 1 mW. The magnetic field was varied from 317 to 327 mT. The spin density was calculated using a Mn 2+ standard sample. Only ESR spectra, instead of spin densities, were given.
Results
Effects of HLEBI on impact value
Evaluating the accumulative probability of fracture (P f ) is a convenient method of quantitative analyzing experiment values relating to fracture. P f is expressed by the following equation, which is a generalized form of the median rank method:
Where N s and i are the total number of samples (N s = 9) and the order of fracture of each sample, respectively. Here, the order of fracture is the aligned number of fractured samples from low to high impact value (a uc ). When the I values are 1, 5, and 9, the P f values are 0.07, 0.50, and 0.93, respectively. Figure 2 shows change in impact value (a uc ) of GFRTP against accumulative probability of fracture at each HLEBI. Remarkable effects of HLEBI on impact value of GFRTP have been mostly obtained. HLEBI from 0.22 to 0.86 MGy mostly improves the a uc at each P f . HLEBI from 0.22 to 0.86 MGy perfectly improves the a uc at each P f from 0.07 to 0.93. In addition, HLEBI from 0.43 to 0.86 MGy apparently decreases the experimental errors as shown by the reduced spread in the data sets in Fig. 2 for the irradiated GFRTP, particularly that at 0.65 MGy. The 0.65 MGy appears to be at or near the optimum dose exhibiting the highest a uc at all P f .
Dangling bond formation
HLEBI in fact produces detectable dangling bonds. 19, 20) To discuss the influences of electron beam irradiation on the Charpy impact values, ESR signals related to dangling bonds have been observed. Figure 3 shows the ESR signals of GF with and without HLEBI. Although ESR signals of the untreated GF sample cannot be detected, ESR signals are observed for the irradiated GF corresponding to dangling bonds. Based on the standard calibration material TEMPOL (2,2,6,6-tetramethyl-4-piperidinol-1-oxyl) and Mn 2+ in the MnO, the density of dangling bonds is estimated by the double integrated intensity of ESR signal. 19, 20) As shown in Fig. 3 , HLEBI dose from 0.22 to 0.86 MGy induces the intensity of ESR signal, which exhibits to generate the dangling bonds in GF. Figure 4 shows changes in a uc at each P f of GFRTP against HLEBI dose. The irradiation dose from more than 0.22 to 0.86 MGy enhances the a uc of the GFRTP at median-P f of 0.50. Remarkable effects of HLEBI from 0.43 to 0.65 MGy 
Discussion
HLEBI-dose dependent impact value
Reproducibly indicated by Weibull coefficient (n)
In order to indicate the reproducibly, the Weibull coefficient (n) is estimated by the popular relationship of the 2-parameter Weibull equation. The P f depends on the risk of rupture (a uc /a o ).
The linear relationship can be converted from eq. (10), as follows.
In predicting the coefficient (n) and constant (a o ) are the key parameters. Figure 5 shows the linear relationships between ln a uc and ln[¹ln(1 ¹ P f )]. The Weibull coefficient (n) is determined by the slope of the relationships. HLEBI from 0.22 to 0.86 increases the n value. The reproducibility can be explained by HLEBI homogenization. It is concluded that HLEBI enhances the reproducibly.
The statistically lowest impact value of GFRTP
In order to obtain the statistically lowest impact value for safety design, the lowest a uc value at P f = 0 (a s ) is assumed to be attained from the adaptable relationship of the 3-parameter Weibull equation iterating to the high correlation coefficient (F). The P f depends on the risk of rupture ([a uc ¹ a s ]/a III ).
The linear relationship can be converted from eq. (12), as follows.
In predicting the a s , coefficient (m) and constant (a III ) are the key parameters. When the term ln[¹ln(1 ¹ P f )] is zero, P f is 0.632 and (a uc ¹ a s ) = a III . The a III value is determined, when the a uc value at P f = 0.632 is equal to (a III + a s ) value. When P f = 0, the required a uc value to evaluate new structural materials is defined as the a s . Figure 6 plots the iteration to obtain the highest correlation coefficient (F) with respect to the potential a uc value ( e a uc ) estimated from the logarithmic form eq. (13) . and m are determined by the least-squares best fit method. The m value is estimated by the slope of the relationship when e a uc = a s .
Effects of HLEBI on the lowest impact value
HLEBI enhances the lowest impact value 43% estimated (a s ) from 61 (untreated) to 87 (0.65 MGy) kJ/m 2 . Figure 4 also shows variations of the lowest impact value (a s ) against HLEBI dose, together with the experimental a uc value at each P f for each sample. Here, the a s is always lower than the experimental a uc value at low experimental P f of 0.07.
Although the a s value of untreated GFRTP is 61 kJ/m 2 , HLEBI at less than 0.86 MGy tremendously enhances the a s value. The highest a s values at more than 87 kJ/m 2 is found for GFRTP irradiated at 0.65 MGy. The high a s values, related to the high reliability of impact value of GFRTP irradiated from 0.43 to 0.86 MGy are more than 70 kJ/m 2 .
Dangling bond formation in GF
Dangling bonds are generated when HLEBI activates the GF-CSM surfaces by cutting bonds with lower dissociation energies. 5) This generates terminated atoms, which act as reaction sites to enhance bonding and interfacial friction at the fiber/matrix interface with the PP polymer, and as reported in other studies enhances strength of the fiber itself. 6, 7) Improvement of the impact value of the PP matrix GFRTP by the new process of applying HLEBI to the GF-CSM to both sides prior to assembly with the PP polymer strengthens the GFRTP internally in all the CSM layers throughout the bulk thickness.
Based on the ESR signals of GF-CSM in Fig. 3 , dangling bonds are observed as a result of the HLEBI and are not observed in GF-CSM before treatment. The dangling bond density increases with HLEBI dose as evidenced from the increasing peak height at B = 322.8 mT in Fig. 3 . It follows HLEBI enhances dangling bonds from smaller doses up to their optimum density in inorganic glass: 4) and often enhances impact value of FRPs 58) therefore it probably prevents fiber pull out, fiber/matrix debonding, and crack generation in the hard to adhere PP matrix GFRTP resulting in higher impact values. Figure 8 illustrates a schematic atomic scale drawing of GF in PP GFRTP showing when HLEBI irradiation generates the active terminated atoms with dangling bonds, the nonbonding electrons act as atomic scale bonding sites with the carbon (C) atoms in the PP.
However, too high an HLEBI dose will cut excess Si-O bonds in the GF, enhancing for high density of dangling bonds in GF, but weakening it. The a uc decay of GFRTP irradiated at 0.86 MGy can be explained by the additional and excess formation of dangling bonds. Therefore carefulness is highly recommended to apply the optimum HLEBI dose in industrial applications. Nevertheless, with optimum HLEBI dose, strengthening the adhesion force increases interfacial friction force to prevent fiber pull out in the GFRTP, resulting in increasing the a uc over that of the untreated to become a viable process for practical applications.
Conclusion
A new process of internal activation of GFRTP of thermoplastic Polypropylene (PP) was achieved by applying homogeneous low energy electron beam irradiation (HLEBI) to interlayered glass fiber chopped strand mat (GF-CSM) prior to assembly. Specimens consisted of 5 GF-CSM were interlayered between 6 untreated PP sheet layers. Only the CSMs were HLEBI irradiated: the PP was untreated in all cases. The irradiated depth estimated was D th = 90 µm, therefore the d = 10 µm fibers were probably activated throughout the thickness resulting in improving the impact values of the GFRTP throughout the surface and internal bulk of the samples.
(1) HLEBI from 0.22 to 0.86 MGy was found to mostly improve the a uc at each P f . In addition, HLEBI from 0.43 to 0.86 MGy apparently decreases the experimental errors. HLEBI from 0.43 to 0.86 MGy mostly improved the a uc 22 to 41% to more than 75 kJ/m 2 at low accumulative probability of fracture (P f ) of 0.07, as well as decreased the experimental errors. (2) Based on the 3-parameter Weibull equation, the a uc value can be defined as a s , the lowest statistical value at P f = zero. Applying 0.65 MGy dose improved the a s values 43% over the untreated to more than 87 kJ/m 2 . (3) The new process of strengthening the adhesion force increased interfacial friction force throughout the surface and internal bulk of the samples probably preventing fiber pull out, fiber/matrix debonding, and crack generation in the hard to adhere PP matrix GFRTP resulting in increasing the a uc of GFRTP with GF-CSM surface-activated by HLEBI. (4) However, carefulness is highly advised to determine the optimum HLEBI dose for industrial applications since additional HLEBI of more than 0.86 MGy decreases the experimental a uc values. (5) The new process of internal activation by applying HLEBI to both sides of the GF-CSM prior to assembly of HELBI-treated GF-CSMs interlayered between untreated PP sheets appears to be a viable method to strengthen the composite throughout from the surface through the bulk strengthening the fiber/matrix interface and improving the Charpy impact value over the untreated.
